BACKGROUND/OBJECTIVES: Roux-en-Y gastric bypass (RYGB) surgery improves insulin sensitivity (S I ) and β-cell function in obese non-diabetic subjects. Exercise also improves S I and may be an effective adjunct therapy to RYGB surgery. However, the mechanisms by which exercise or weight loss improve peripheral S I after RYGB surgery are unclear. We hypothesized that microRNAs (miRNAs) mediate at least some of the regulatory processes driving such mechanisms. Consequently, this work aimed at profiling plasma miRNAs in participants of the Physical Activity Following Surgery Induced Weight Loss study (clinicaltrials.gov identifier: NCT00692367), to assess whether miRNA levels track with improvements in S I and cardiometabolic risk factors. SUBJECTS/METHODS: Ninety-four miRNAs implicated in metabolism were profiled in plasma samples from 22 severely obese subjects who were recruited 1-3 months after RYGB surgery and followed for 6 months of RYGB surgery-induced weight loss, with (exercise program (EX), N = 11) or without (CON, N = 11) an exercise training intervention. The subjects were selected, considering a priori sample size calculations, among the participants in the parent study. Mixed-effect modeling for repeated measures and partial correlation analysis was implemented in the R environment for statistical analysis. RESULTS: Mirroring results in the parent trial, both groups experienced significant weight loss and improvements in cardiometabolic risk. In the CON group, weight loss significantly altered the pattern of circulating miR-7, miR-15a, miR-34a, miR-106a, miR-122 and miR-221. In the EX group, a distinct miRNA signature was altered: miR-15a, miR-34a, miR-122, miR-135b, miR-144, miR-149 and miR-206. Several miRNAs were significantly associated with improvements in acute insulin response, S I , and other cardiometabolic risk factors. CONCLUSIONS: These findings present novel insights into the RYGB surgery-induced molecular changes and the effects of mild exercise to facilitate and/or maintain the benefits of a 'comprehensive' weight-loss intervention with concomitant improvements in cardiometabolic functions. Notably, we show a predictive value for miR-7, miR-15a, miR-106b and miR-135b. 
INTRODUCTION
Roux-en-Y gastric bypass (RYGB) surgery-induced weight loss improves insulin sensitivity (S I ) and intrinsic β-cell function (acute insulin response to glucose (AIRg) and disposition index (DI)) in obese non-diabetic patients. 1 We have recently demonstrated that a 6-month exercise program following surgery elicits an additional improvement in S I and glucose effectiveness (S G ) compared with surgery-induced weight loss alone. 2 These data strongly advocate for the inclusion of an exercise program to optimize health benefits during active weight loss following RYGB surgery. However, the mechanisms underlying these health benefits are not clear, and not all individuals have similar improvements in metabolism. There is a wide variation in the degree of improvement in β-cell function after RYGB, most evident among obese non-diabetic individuals. 3 Therefore, identifying minimally invasive biomarkers to identify and track metabolic improvements following RYGB surgery could represent a valuable strategy to gain insights into the physiological effects of the therapy and to improve decision making for patient care.
MicroRNAs (miRNAs) are naturally occurring noncoding RNAs that are abundant in many cell types and tissues of multicellular eukaryotes 4 and have key roles in the regulation of a broad spectrum of physiological and pathological processes. 5 It is estimated that miRNAs regulate the expression of more than 60% of protein-coding genes. 6 Altered levels of circulating miRNAs have been reported in a variety of disease states including aging, obesity, metabolic dysfunction and diabetes, 5, [7] [8] [9] and may reflect tissue-specific activation or injury in response to disease states. Thus, miRNAs have many properties of ideal biomarkers, 5 including correlation with the physiological or pathological state of an organism and stability in vivo and in vitro.
These molecular entities can also be found in a variety of body fluids including blood, breast milk, cerebrospinal fluid and urine, among others. 10, 11 Relevant to our study and supporting our hypothesis, changes in miR-122 abundance were recently reported after RYGB surgery in rat models and in humans. [12] [13] [14] In addition, circulating miRNAs are highly stable in vivo and in vitro, 15 and are consequently becoming increasingly recognized as powerful biomarkers for human disease. [16] [17] [18] [19] Furthermore, extracellular/circulating miRNAs has been found to have active roles in cell-cell communication, intercellular transport, targeting of gene expression in recipient cells and regulation of the immune system, among others. 10, 20, 21 While evidence for a functional, endocrine/paracrine-like role for extracellular miRNAs in metabolically involved tissues is just emerging, 22 the potential for endurance exercise-derived exosomes (which contain miRNAs among other 'exerkines') to treat metabolic diseases such as obesity and type 2 diabetes has been recently highlighted. 23 There is, however, no evidence for how the circulating miRNA profile is altered by RYGB surgery-induced weight loss with adjunct exercise intervention. We hypothesized that weight loss following RYGB surgery modifies circulating miRNA signatures in humans and that these alterations are associated with improved β-cell function, muscle insulin-dependent and independent glucose uptake, and with changes in cardiorespiratory fitness and body composition. To test this hypothesis, we evaluated the changes in plasma levels of 94 metabolically involved miRNAs in morbidly obese subjects that underwent RYGB surgery-induced weight loss with or without an exercise program. Our data provide novel insights into the role of circulating miRNAs in weight loss and improved cardiometabolic risk.
MATERIALS AND METHODS

Patient recruitment
Taking into consideration a priori calculations of sample size as described below, 22 severely obese subjects (all with mixed European ancestry) that represented a subset of the RYGB-surgery patients enrolled in a larger randomized controlled exercise trial (parent trial: Physical Activity Following Surgery Induced Weight Loss; clinicaltrials.gov identifier: NCT00692367) 2 were selected for this study. We chose to match groups based on the primary outcome of the parent trial (SI) as well as other clinically relevant phenotypic measurements (weight, body mass index (BMI), VO2 peak). The subgroups had similar baseline characteristics compared to parent groups (P40.05), including age, weight, and BMI. The subgroups also had similar improvements in intravenous glucose tolerance test measurements (S I and S G ), weight loss and VO 2 peak compared to the parent groups. The study was conducted in a medical academic unit at the University of Pittsburgh, PA, USA. The study protocol was approved by the Human Research Protection Office of the University of Pittsburgh and all experiments were performed in accordance with relevant guidelines and regulations. All participants provided signed informed consent. Eligibility criteria included patients that underwent RGYB surgery in the 1-3 months previous to randomization, were between 21 and 60 years-of-age, had a BMI below 55 kg m − 2 , and did not have diabetes. Additional aspects of the parent study design, patient recruitment, and inclusion/exclusion criteria were previously described. 2, 24 Intervention groups Participants were randomized to a 6-month exercise program (EX, n = 11) or a control health education intervention (CON, n = 11). The study measurements were made before and after the 6-month interventions. All participants completed an initial baseline assessment of metabolic and body composition measures before starting the interventions. Additional details of the exercise and control education programs of the parent trial are described elsewhere. 2, 24 For this subgroup analysis, the investigator conducting the miRNA isolation and high throughput profiling was blinded to the group allocation. Only after the experiments were conducted and data were collected and subjected to preliminary data quality control, was the investigator conducting the data analysis unblinded to the group allocation to complete the data analysis.
Intravenous glucose tolerance test
As described for the parent trial, 2 insulin action was assessed using the Bergman minimal model method. 25 The 3-h insulin-modified intravenous glucose tolerance test was conducted during morning hours following an overnight fast and at least 48hrs removal from the last exercise session.
Body composition and cardiorespiratory fitness
As previously described, 2 anthropometric measurements were performed according to standardized protocols. Fat and lean mass were determined by dual-energy X-ray absorptiometry using a GE Lunar system (GE Healthcare, Madison, WI, USA). VO 2 peak, a measure of cardiorespiratory fitness, was determined by indirect calorimetry (Moxus, AEI Technologies, Pittsburgh, PA, USA) during a 5-12 minute graded exercise test on a cycle ergometer (Lode BV, Groningen, The Netherlands). As a safety measure, 12-lead ECG recordings were monitored by the study physician and interpreted for contraindications to exercise. In addition, body weight, waist circumference, blood pressure and plasma lipids were measured by standard clinical protocols.
Measurement of plasma miRNAs
Arterialized blood was sampled (hepanarized plasma) from a catheter placed in an antecubital vein in the morning hours from 0700 to 0900 hours following a 12-h fast and before the intravenous glucose tolerance test. miRNAs from 200μl plasma were extracted using the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. Reverse transcription, preamplification, and real-time PCR of the plasma miRNAs were conducted using custom RT/ PreAmp primer pools and TaqMan reagents from ThermoFisher Scientific (Waltham, MA, USA), following the manufacturer's instructions. Custom TaqMan Array MicroRNA Cards (TAMC) were prepared as described in the TaqMan Array User Bulletin. Real-time PCR was performed on ViiA7 instrument (ThermoFisher) following the manufacturer's instructions. An in-house-developed metabolism-related miRNA panel including 96 features (Supplementary Table S1 ) was used. Array features generating undetermined cycle threshold (Ct) values in more than 75% of samples were eliminated from further analysis. Using the HTqPCR package in the R environment, 26 the raw Ct data were first normalized to the respective levels of recovered spike-in cel-miR-39 and multiplied by negative one (that is, − ΔCt = -1 * (Ct feature.of.interest -Ct cel.miR.39 )), generating − ΔCt data equivalent to the log2 of the fold change respective to cel-miR-39 (denoted herein logFC data). The logFC data were then subjected to quantile normalization using the normalizeCtData function. Features with absolute fold changes (post-and pre-intervention) lower than or equal to 1.5 (that is, abs(ΔlogFC Post-Pre ) ⩽ log 2 (1.5)) were filtered out and not included in the reported differential abundance analysis.
Statistical analysis
Group differences in baseline measures were determined using the Welch two sample t-test (two-tailed) for continuous variables and the Fisher exact test for sex ratios. Normality was tested with the Shapiro-Wilk test. Variables with high skew were log-transformed to approximate a normal distribution. Standard correlations between baseline anthropometric and metabolic measures and the longitudinal change in S I , S G , DI and AIRg were calculated to identify potential additional confounding covariates. For comparison of longitudinal changes in clinical and metabolic measures and for differential abundance analysis of circulating miRNA levels, mixed effect models for repeated measures were implemented using the nlme package in the R environment. Each variable was modeled as a function of fixed effects for Group, Time and the interaction Group*Time with Subjects as a random effect. Age and the time from bariatric surgery to pretreatment were included as covariates in the model to adjust for potential confounding effects. Partial correlations adjusting for age and time from bariatric surgery to pre-treatment were calculated using the ppcor package. False discovery rates correcting for multiple testing were calculated using the Benjamini-Hochberg correction. Mean differences and correlations with Po 0.05 were considered significant. Analyses were performed in the R 3.3.1 statistical computing environment. 26 Sample size estimation A minimum sample size of N = 11 subjects per group to detect a minimum (by design) 1.5-fold change in the levels of circulating miRNAs, with 80% power at a two-sided significance level α = 0.05 (5% type I error), was calculated in advance of subgroup selection using the formula contributed by Diggle et al. 27 to detect differences between two groups of repeated measures:
where μ 1 -μ 2 represents the mean difference of the two groups [in our case: μ 1 -μ 2 ¼ log2 1:5 ð Þ; σ 2 is the common variance in the two groups; n is the number of time points or repeated measures (n = 2 in a pre-post comparison); and ρ is the correlation of the repeated measures. The critical value z α is equal to 1.96 for a significance level α = 0.05 and z β is equal to 0.842 for an 80% power of the hypothesis test. The values for σ and ρ were estimated using our preliminary data for five circulating miRNAs that were assayed using the same real-time PCR protocol and displayed an average 1.5-fold change in pre-post comparisons between two groups (unrelated study that evaluated the response to a 4-month drug treatment in subjects with prediabetes). In specific, the pooled standard deviation of the circulating miRNA levels (expressed in arbitrary normalized logFC data units) was σ = 0.65 and the intraclass correlation of the repeated measures ρ estimated at 0.1 by extracting the correlation structure in a general linear model. A minimum fold change of 1.5 is our choice of threshold for hypothesis testing that involves quantitative real-time PCR data.
Code availability
Code used to conduct the analyses in this study is based on open source and freely available packages developed for the R language and environment for statistical computing, version 3.3.1, 26 as described in relevant previous sections. R packages and respective documentation can be downloaded and/or accessed at the Comprehensive R Archive Network (https://cran.r-project.org/) and Bioconductor (Open Source Software for Bioinformatics: https://www.bioconductor.org/).
RESULTS
Study participants
A schematic of the study design and sample collection is presented in Figure 1 . Additional detailed description parent study design can be found in reference. 2 As reported for the parent trial, both groups had similar body weight pre-surgery and pre-interventions. Both groups reported similar medication use at baseline, and there was no difference in medication use following the intervention (data not shown). The baseline characteristics of the study cohort are shown in Table 1 . There were no significant baseline imbalances in any of the characteristics assessed. However, we identified a significant correlation between the baseline level of the variable 'time from bariatric surgery to pre-treatment' and the change in AIRg (standard Pearson's correlation r = 0.49, P = 0.021, false discovery rate = 0.12). For this reason, we included this variable as a covariate in the mixed effect models and partial correlation calculations to account for potential confounding effects.
Weight, body composition and cardiorespiratory fitness As shown in Table 2 , both groups experienced similar reductions in mass, fat mass, BMI and waist circumference following the interventions. Similar to results reported for the larger parent randomized controlled trial, 2 high-density lipids significantly increased while triglycerides decreased in both EX and CON subgroups. However, no significant reduction was observed in the levels of low-density lipids for either of our subgroups. EX, but not CON, significantly improved VO 2 peak (Table 2) , an index of cardiorespiratory fitness and an effective predictor of future morbidity and mortality. When VO 2 peak is normalized against fatfree mass, both groups showed significant increases in this magnitude; however, the EX group displayed a 57% larger increase. Alanine aminotransferase (ALT), an enzyme used to detect liver injury, significantly decreased only in the EX group, whereas no change was observed in the CON group.
Intravenous glucose tolerance test Baseline measurement for S I , fasting insulin, fasting glucose and homeostatic model assessment for insulin resistance (HOMA-IR) were similar for both groups (Table 2) . Following the interventions, S I , fasting insulin, and HOMA-IR were improved in both groups. However, the EX group had a significantly greater improvement in S I compared to the CON group (Group*Time interaction effect with P = 0.011). In accordance with the design of the subgroup analysis, the intervention effects on weight, body composition, Figure 1 . Schematic representation of the study design and sample collection.
cardiorespiratory fitness and S I reported here for these subgroups, were similar to those reported for the parent randomized controlled trial. 2 Specifically, both groups experimented a significant decrease in BMI, body weight, waist circumference and fat mass, among others, whereas the normalized VO2 max and S I significantly increased (all comparisons with Time effect P ⩽ 0.001, Table 2 ).
Alterations in circulating miRNA signatures We measured a 96-feature TaqMan MicroRNA panel including 94 miRNAs involved in a number of metabolically active tissues and organs (such as muscle, adipose, liver, kidney, brain and pancreas; refer to Supplementary Table S1 for details). By evaluating the significance of the circulating miRNA abundance differences per group (post vs pre-intervention comparison), we observed three different patterns of change in the circulating miRNA levels in our study cohort (Table 3, Figure 2 ). On one hand, three miRNAs significantly changed (41.5-fold and Po 0.05) in the same direction in both EX and CON groups (miR-15a increased, miR-34a decreased and miR-122 decreased; Table 3 -pattern A, Figures 2a-c) . On the other hand, three miRNAs significantly changed only in the CON group (miR-7 increased, miR-106 increased and miR-221 decreased; Table 3 Table 3 ), whereas pattern C miR-149 displayed significant group-by-time interaction effect (P = 0.043, Table 3 ). Results from the differential abundance analysis for all miRNA features, including those that did not reach the fold change threshold (greater than 1.5-fold) for statistical inference analysis, are presented in Supplementary Table S2 .
Correlations between changes in miRNA levels and changes in clinical indices To gain insights into potential molecular mechanisms regulated by miRNAs and altered by RYGB surgery with and without an exercise intervention, we assessed the partial correlations between the changes in circulating miRNA levels and the changes (post-pre) in cardiometabolic risk factors including S I , S G , DI and AIRg, among others. As shown in Figure 3 and Supplementary  Table S3 , the changes in plasma levels of the 10 (above listed) differentially abundant miRNAs significantly correlated (absolute |r| 40.45, P o 0.05) with changes in important indices of insulin resistance (HOMA-IR), β-cell function (fasting insulin levels, AIRg, DI, S I and S G ), body composition (BMI, waist circumference and fat mass among others), plasma lipids (cholesterol and LDL), and liver function (ALT, AST and ALP). Although correlation does not necessarily imply causation, our results agree with previous preclinical and clinical reports (see Discussion section) that suggest a role in pancreatic β-cell and liver functions (among others) for several of the miRNAs reported here. To assess the potential predictive value of the baseline levels of circulating miRNAs, we evaluated the partial correlations between the pre-intervention (baseline) miRNA levels and the changes in measures of cardiometabolic risk factors. Notably, the baseline levels of four out of the 10 differentially abundant plasma miRNAs also significantly correlated with the observed changes in S I (baseline miR-15a, r = − 0.52, P = 0.018), S G (baseline miR-7, r = 0.57, P = 0.009 and baseline miR-106b, r = 0.48, P = 0.033), and AIRg (baseline miR-135b, r = 0.48, P = 0.034).
DISCUSSION
We provide here the first evidence, to our knowledge, of a plasma miRNA signature in patients with severe obesity who had undergone RYGB surgery with and without an exercise intervention. Relevantly, we identified ten miRNAs with altered plasma levels and significant association with measures of improved β-cell function (AIRg, DI), peripheral insulin sensitivity (S I ), glucose effectiveness (S G ), liver function (ALT and AST) and changes in additional cardiovascular risk factors such as plasma cholesterol, LDL, BMI, waist circumference and fat mass ( Table 2, Figures 2 and  3 and Supplementary Table S3 ).
Pattern A miRNAs
The significantly altered levels of circulating miR-15a (increased), miR-34a (reduced), and miR-122 (reduced) in both EX and CON groups seems to indicate that these miRNAs represent a general response to RYGB surgery-induced weight loss (Figures 2a-c) . In concordance with our findings, the opposite behavior (a reduction in circulating levels) was reported for miR-15a specifically in morbidly obese men 13 and in patients with type 2 diabetes. 28 Functional studies have reported that miR-15a positively regulates β-cell function and insulin synthesis by inhibiting expression of the uncoupling protein-2 (UCP-2) 29 and negatively affect adipogenesis by directly targeting delta-like 1 homolog (Dlk1). In addition, Dlk1 was recently found to be a key regulator of the (CON and EX) , where connected dots represent corresponding preintervention-post-intervention measurements for each individual participant (n = 11 per group). Boxplots (boxes delineating first and third quartile; whiskers delineating the smallest and largest values inside a 1.5 box-length (IQR) from the end of the box) summarize the data presented in the corresponding (side-by-side) dotplot. Red dots represent potential outliers located at greater that 1.5 IQR from the end of the box. Blue filling for CON group and orange filling for EX group. IQR, interquartile range. myogenic program in skeletal muscle, with a dual role that promotes the myogenic program during embryogenesis but inhibits muscle regeneration in the adults. 30 Therefore, the observed upregulation of miR-15a after bariatric surgery may contribute to an enhanced ability of adult patients to regenerate muscle tissue. Importantly, our correlation analysis detected significant association between the change in miR-15a and the change in DI in the CON group (Figure 3a) and the change in S I in the EX group (Figure 3f) , which may suggest a role for this miRNA in the regulation of the β-cell sensitivity-secretion relationship. Interestingly, baseline levels of miR-15a showed a significant inverse correlation with the change in S I (Figure 3k ), which suggests that morbidly obese individuals with lower baseline levels of this particular miRNA might benefit more from gastric bypass. Together, these results suggest a potential Figure 3 . Correlations between the changes in cardiometabolic risk factors and differentially abundant circulating miRNAs. (a-e) Relevant correlations with changes in patterns A and B miRNAs in the CON group; (f-j) relevant correlations with changes in patterns A and C miRNAs in the EX group; (k-n): relevant correlations with baseline miRNA levels in the complete cohort (miRNAs with predictive potential). Blue and orange dots represent individual data points for CON and EX group, respectively. Reported are partial correlations adjusted for age and time from bariatric surgery to pre-treatment. Data points ploted are unadjusted quantile-normalized log fold changes (x axis) respective to spikedin cel-miR-39 levels. For visualization purposes, a fitted line on the unadjusted data with 95% confidence band is also drawn. A full color version of this figure is available at the International Journal of Obesity journal online.
role for using baseline miR15a measurement to predict response to RYGB surgery.
Regarding miR-122, elevated levels in circulation have been positively associated with obesity and insulin resistance in young Chinese adults. 31 Relevantly, changes in miR-122 were reported after bariatric surgery in rat models and in humans. [12] [13] [14] As the expression of miR-122 is mostly restricted to the liver, where it regulates cholesterol production and hepatic function, 32 the reduced abundance of circulating miR-122 in our study participants may indicate improved liver functions after bariatric surgery. This reasoning is supported by the significant positive correlation observed between the change in miR-122 abundance and the change in ALT and ALS levels in the EX group and by the negative correlation with circulating cholesterol and low-density lipoprotein in the CON group (Supplementary Table S3 ). Interestingly, elevated miR-122 and miR-34a (another RYGB-downregulated miRNA in this study) have been associated with dyslipidemia in patients with non-alcoholic fatty liver disease. 33 In addition, miR-34a was reported as the most highly expressed hepatic miRNA in obese mice, where it impaired physiological postprandial responses through attenuation of FGF19 by directly targeting β-Klotho. 34 Our study demonstrated significant correlations between the change in circulating levels of miR-122 and miR-34a and the change in S G (Figures 3b and c) , and between the changes in miR-34a and AIRg (Figure 3d ). Taken together, these results suggest a role for miR-15a, miR-34a and miR-122 during the re-establishment of improved pancreatic β-cell and liver functions after RGYB surgery in morbidly obese subjects.
Pattern B miRNAs
This pattern involved three circulating miRNAs that significantly changed only in the CON group (miR-7 (elevated), miR-106b (elevated), and miR-221 (reduced)) (Figures 2d-f) . Downregulation of miR-221, one of the most well-known oncogenic miRNAs, is concordant with reports that indicate a reduction of the risk of cancer after bariatric surgery. 35 Relevantly, this miRNA was increased in the livers of ob/ob mice and suggested to regulate insulin resistance via its effect on adiponectin signaling by targeting adiponectin receptor 1. 36, 37 It was also recently reported that metformin downregulates miR-221 38 and normalizes the levels of this miRNA in the internal mammary arteries of diabetic subjects undergoing coronary artery bypass surgery. 39 In concordance with our results regarding increased levels of miR-106, downregulation of this miRNA was reported in diet-induce obese mice, and this pattern switched to a significant upregulation in diet-induce obese mice that underwent a weight-loss intervention. 40 Downregulation of miR-106b is also involved in the establishment of cellular senescence and dysregulation of the insulin/IGF-1/FoxO pathway implicated in aging. 41, 42 Supporting a beneficial role for the elevated miR-7 levels, this miRNA was found decreased in obese and diabetic mouse models and in human islets from obese and moderately diabetic subjects with compensated β-cell function. 43 In addition, our study demonstrated a significant positive correlation between the change in miR-7 and DI in the CON group (Figure 3e) , which also suggests a role for miR-7 in the regulation of the β-cell sensitivity-secretion relationship. Furthermore, the baseline levels of both miR-7 and miR-106 significantly correlated with the change in S G , (Figures 3l and m) , which underscore the potential predictive value of these miRNAs as biomarkers of cardiometabolic improvement.
Pattern C miRNAs The abundance in the circulation of miR-135b (reduced), miR-144 (reduced), miR-149 (elevated), and miR-206 (reduced) were significantly altered only in the EX group (Figures 2g-j) . This suggests that expression of these miRNAs in the respective source tissues is specifically downregulated (miR-135b/144/206) or overexpressed (miR-149) in response to the exercise intervention after RYGB surgery. The following discussion of biological processes affected by these miRNAs highlights added benefits of the adjunct exercise intervention after bariatric surgery.
Upregulation of miR-135b has been mostly reported in the context of cancer and bone disease. [44] [45] [46] Now, our study suggests that reduction of miR-135b levels after RYGB with adjunct exercise intervention may have an important role in the regulation of the acute insulin response to glucose and insulin secretion and/or insulin sensitivity, as indicated by the highly significant inverse correlations between the change in miR-135b and the change in AIRg and DI among EX subjects (Figures 3g and h) . Of note, the high correlation between miR-135b and bone mass among EX subjects (r = 0.70, P = 0.0343, Figure 3i ) suggests that bone (possibly bone marrow) may be a source of circulating miR-135b. Supporting our reasoning, exosomal secretion of functional miR-135b during osteogenic differentiation and under conditions of hypoxic bone marrow has been reported 44, 45 and high levels of circulating miR-135b has been found to predict development and prognosis of myeloma bone disease. 46 Mechanistically, the transcription factor FOXO1 and glycogen synthase kinase 3 beta (GSK-3β), both validated direct targets of miR135b, 47, 48 could represent key mediators of miR-135b effects after the exercise intervention. Remarkably, bone-specific deletion of GSK-3β affected global metabolism and lead to metabolic disease and age-related diabetic-like complications in mice. 49 On the other hand, the upregulation of FOXO1 during starvation and exercise is well described. 50, 51 We reason that upregulation of FOXO1 (for example, in the liver) due to reduced levels of functional circulating miR-135b might, among other things, increase systemic insulin sensitivity by improving the dynamic control of hepatic glucose production and de novo lipogenesis via its dual role over glucose-6-phosphatase and glucokinase, as proposed by Haeusler et al. 51 Important to highlight here is our result demonstrating that baseline levels of miR-135b significantly correlated with the changes in AIRg (Figure 3n ), suggesting potential predictive value as a biomarker of response to the exercise intervention. Taken together, these results indicate that the observed changes in miR-135b after the exercise intervention may contribute to bone health and improved systemic insulin sensitivity in humans. Given that a role for miR-135b in the metabolic benefits of exercise has not previously been described, these findings deepen our mechanistic understanding of the process.
Circulating miR-144 (significantly reduced in EX subjects) was found upregulated in human type 2 diabetes in both the circulation and muscle 52 and in people with impair fasting glucose. 53 This miRNA targets the insulin receptor substrate 1 (IRS1). 53 Consistently, we found a significant negative correlation between the change in miR-144 plasma levels and the change in AIRg in the whole cohort (r = − 0.47, P = 0.0378; Supplementary Table S3 ). In addition, the Nord-Trøndelag Health (HUNT) study revealed that levels of five serum miRNAs, including elevated miR-144, predicted future fatal acute myocardial infarction in healthy individuals with 78% overall diagnostic accuracy. 54 These results highlight the beneficial impact on insulin-related physiology and cardiovascular health of exercise-induced reduction of miR-144 levels after RGYB surgery with adjunct exercise intervention.
Mitochondrial miR-149 was significantly upregulated by the adjunct exercise intervention in our EX group but downregulated in the CON group and demonstrated a strong group-by-time interaction effect (Table 2) . Importantly, the changes in this circulating miRNA strongly correlated with the changes in EX group AIRg (Figure 3j ) and DI in the whole cohort (Supplementary Table S3 ). Expression of miR-149 was reported to promote mitochondrial biogenesis through inhibition of PARP-2 that consequently activates SIRT-1 and concomitantly elevates the cellular NAD+ levels. 55 The same authors showed that the miR-149/PARP-2/SIRT-1 axis was dysregulated in the skeletal muscle from obese mice, with downregulation of miR-149 responsible for the weakening of the skeletal muscle metabolism. 55 In addition, over a fourfold reduction in the circulating levels of miR-149 was reported in middle-aged and elderly patients with coronary artery disease. 56, 57 Furthermore, miR-149 was reported significantly downregulated during cardiac remodeling in response to acute myocardial infarction in mouse and human hearts. 58 Taken together, our results suggest that exercise-induced miR-149 (for example, in skeletal and cardiac muscle tissue) adds onto the beneficial cardiometabolic improvements of bariatric surgery.
The significant reduction observed in the circulating levels of miR-206 in the EX group (Table 2, Figure 1j ) is counterintuitive because miR-206 is a muscle-specific miRNA that promotes myogenic differentiation 59 and is increased by exercise. 60 However, miR-206 was recently found upregulated in peripheral blood endothelial progenitor cells from patients with coronary artery disease as compared to healthy donors, 61 whereas knockdown of miR-206 in coronary artery disease endothelial progenitor cells rescued both their angiogenic and vasculogenic abilities in a mouse model of ischemia. 62 To our knowledge, this is the first human study reporting miRNA signatures identified in an exercise program adjunct to bariatric surgery. A limitation of our study, as reported for the parent trial, is that participants were mostly young to middle-aged women; therefore, it is difficult to determine sex-specific effects. Because our study used smaller number of samples from the original parent trial, which was relatively short-term, our findings need to be confirmed in larger trials of a longer duration.
CONCLUSIONS
We found that the plasma levels of 10 miRNAs were significantly altered after RYGB surgery followed by an adjunct exercise or educational intervention in humans. Our findings from the assessment of circulating miRNAs associated with metabolically involved tissue and organ functions including liver, adipose, pancreatic and skeletal muscle tissues suggest that RYGB surgery 'resets' a variety of molecular networks that can directly lead to improvements in cardiometabolic function and can be additionally impacted by exercise. Notably, the baseline levels of several differentially abundant miRNAs correlated with the post-operative increases in insulin sensitivity, which underscores their predictive clinical value as biomarkers of response to the intervention. A key and previously unknown role for miR-135b in mediating the metabolic benefits of exercise, possibly through regulation of FOXO1 and GSK-3β, is suggested. The consistent implication of FOXO1 as a direct target of several of the differentially abundant circulating miRNAs underscore the important role of this gene in mediating beneficial effects of bariatric surgery and exercise. Consequently, these findings offer novel insights into the molecular changes induced by the RYGB procedure and the effects of mild exercise to facilitate and/or maintain the benefits of a 'comprehensive' weight loss intervention with concomitant improvements in cardiometabolic functions.
